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Nowadays, in dentistry, zirconia ceramic systems represent an alternative to metals in 
prosthetic treatment due to the excellent mechanical properties. Zirconia crowns made 
without porcelain veneering, called monolithic, have proven to be a favorable alternative to 
oral rehabilitation, as they associate high strength and satisfactory aesthetic, while avoiding 
the most known complications in zirconia prosthesis, chipping and delamination. Pure 
zirconia can assume three crystallographic forms: monoclinic, tetragonal and cubic 
depending on the temperature. The zirconia association with stabilizing oxides, such as 
yttrium oxide (Y-TZP), maintains the zirconia in the tetragonal phase at room temperature. 
Therefore, zirconia remains metastable and at low temperatures, with moisture and stress a 
progressive transformation of tetragonal to monoclinic phase can occur and affect its 
strength. The present study evaluated the fracture load and phase transformation of zirconia 
monolithic crowns submitted to thermal and mechanical aging tests. Seventy monolithic 
zirconia crowns (Y-TZP) were cemented in resin-based replica and randomly divided into 5 
groups (n = 14): Control (C), no treatment; Hydrothermal aging (HA), 122°C, 2 bar for 1 
hour; Thermal Fatigue (TF), 104 cycles between 5 and 55°C for 30 seconds; Mechanical 
Fatigue (FM) 106 cycles, with a load of 70 N sliding of 1.5 mm in mesiopalatal cusp at 1.4 
Hz; Mechanical and Thermal Fatigue associated (MTF). After each treatment, the fracture 
load was determined in a universal testing machine with 10KN load and speed of 1mm/min 
(n=12/group). Surface modifications and fracture origin and mode were evaluated by 
scanning electron microscope. The phase transformation was analyzed by x-ray diffraction 
(n=2/group). The fracture load data were analyzed by one-way ANOVA at a level of 5%. 
Also, the Weibull distribution was performed. All restorations survived the aging tests and 
no significant differences were observed in between treatments (p> 0.05). There was no 
statistically significant difference in the mean fracture load and characteristic fracture load 
among the groups (p>.05). The Weibull modulus ranged from 6.2 to 16.6, with significant 
difference between control and hydrothermal aging groups. Catastrophic failures were 
observed. Phase transformation was shown at the different surfaces of the crown in all 




structural reliability and low phase transformation. 







Os sistemas cerâmicos representam na odontologia uma alternativa aos metais na 
reabilitação protética, sendo que a zircônia é o material com melhores propriedades 
mecânicas. Coroas confeccionadas em zircônia sem aplicação de cerâmica de cobertura, 
chamadas monolíticas, têm se mostrado uma alternativa favorável para reabilitação oral, 
pois associam alta resistência à fratura e estética satisfatória, assim como evitam a 
complicação mais evidente em infraestruturas de zircônia que é a fratura da cerâmica de 
cobertura. A zircônia pura pode assumir 3 formas cristalográficas: monoclínica, tetragonal 
e cúbica, dependendo da temperatura. A união da zircônia com óxidos estabilizadores, 
como o óxido de ítrio (Y-TZP) faz com que a zircônia se  mantenha na fase tetragonal. No 
entanto, a zircônia permanece metaestável e mediante relativamente baixas temperaturas, 
umidade e estresse uma progressiva transformação de fase de tetragonal para monoclínica 
pode ocorrer e afetar a resistência da mesma. Assim sendo, o  presente estudo avaliou a 
carga à fratura e a transformação de fases da zircônia em coroas monolíticas submetidas ao 
envelhecimento através de testes térmicos e mecânicos. Setenta coroas monolíticas de 
zircônia (Y-TZP) foram cimentadas em réplicas de resina composta e separadas 
aleatoriamente em 5 grupos (n=14): Controle (C), sem tratamento; Envelhecimento 
hidrotérmico (EH), 122°C, 2 bar de pressão por 1 hora; Fadiga térmica (FT), 104 ciclos, de 
5 a 55°C por 30 segundos; Fadiga Mecânica (FM), 106 ciclos, 70 N de carga, deslizamento 
de 1,5 mm da cúspide mesiopalatina com frequência de 1,4 Hz; e Fadiga Mecânica 
associada com tratamento térmico (FMT). Ao final de cada tratamento, a carga à fratura foi 
determinada em máquina de testes universal com célula de carga de 10KN e velocidade de 
1mm/min (n=12/grupo). Avaliação de alterações de superfície e o modo e a origem da 
fratura foram realizadas no microscópio eletrônico de varredura. A transformação de fases 
foi analisada através da difração de raios X (n=2/grupo). Os dados de resistência à 
compressão foram analisados por Análise de variância a um fator e o nível de significância 
foi de 5%. Também foi realizada a distribuição de Weibull. Todas as restaurações 
sobreviveram aos testes de envelhecimento e não foram observadas diferenças significantes 




16,6, com diferença significativa para o grupo envelhecido pelo tratamento hidrotérmico. 
Falhas catastróficas com origem na superfície foram evidenciadas. Na análise da difração 
de raios X foi observado que houve transformação de fases, para todos os grupos, nas 
diferentes faces da coroa, variando entre 1,9 a 8,9%.  Com base nos dados concluí-se que 
coroas monolíticas de zircônia evidenciam uma alta carga à fratura, confiabilidade 
estrutural e apresentaram baixa transformação de fase. 
Palavras-chave: Prótese Dentária. Coroas. Materiais Dentários. Resistência de 
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A zircônia pura apresenta o fenômeno de alotropia o qual ocorre quando um 
material apresentando a mesma composição química pode ter diferentes organizações 
atômicas. Esse material assume 3 formas cristalográficas dependendo da temperatura: em 
temperatura ambiente até 1170°C a estrutura é monoclínica (m), entre 1170 e 2370°C é 
tetragonal (t) e acima de 2370°C até o ponto de fusão é cúbica (c) (Garvie et al., 1975; 
Piconi & Maccauro, 1999; Hannink et al., 2000). A transformação de fase de acordo com a 
temperatura é acompanhada por um aumento de volume de aproximadamente 5% (Hannink 
et al., 2000; Chevalier et al., 2007). Assim, durante o processo de fabricação de peças em 
zircônia pura, a temperatura de sinterização alcança valores acima de 1400°C e, durante o 
resfriamento essa diferença de temperatura resulta na transformação de fase, sendo que o 
estresse gerado pela expansão volumétrica pode propiciar a formação de  micro trincas na 
zircônia que causariam danos irreversíveis no material (Picconi & Maccauro, 1999). Para 
superar essa adversidade, faz-se necessário a adição de óxidos estabilizadores na zircônia 
pura, como o óxido de ítrio (Y2O3), comumente utilizado na área biomédica, que propicia a 
estabilização da estrutura tetragonal em temperatura ambiente (Garvie & Nicholson, 1972; 
Picconi & Maccauro, 1999; Lughi & Sergo, 2010). No entanto, a zircônia estabilizada por 
ítrio (Y-TZP) fica metaestável em temperatura ambiente o que, mediante situações de 
acúmulo de tensões, como ao redor de trincas, pode acarretar a transformação de fase de 
tetragonal para a fase monoclínica, estável nessa temperatura. Essa expansão, inicialmente, 
é benéfica pois impede a propagação de trincas pelo material ocasionando um selamento da 
região defeituosa e aumentando a tenacidade à fratura, fenômeno conhecido como 
tenacificação por transformação de fase (Garvie et al., 1975; Picconi & Maccauro, 1999; 
Hannink et al., 2000; Lughi & Sergo, 2010), responsável pelo notável desempenho 
mecânico da Y-TZP. 
Cerâmicas à base de zircônia vem sendo utilizada na Odontologia desde a 
década de 90 devido às suas excelentes propriedades mecânicas, que são as maiores já 
observadas por um material restaurador odontológico. A resistência a flexão da zircônia 
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fratura é da ordem de 5 a 10MPa.m1/2 (Christel et al., 1989; Picconi & Maccauro, 1999), o 
módulo de Young é 210 GPa e dureza é 1.200 HV (Picconi & Maccauro, 1999). Além 
disso, a Y-TZP apresenta estética favorável à mimetização dos tecidos dentais, excelente 
biocompatibilidade, baixo acúmulo de placa, baixa condutividade térmica, baixo potencial 
corrosivo e boa radiopacidade (Picconi & Maccauro, 1999; Rimondini et al., 2002; 
Manicome et al., 2007; Guess et al., 2011). Sendo assim, essa cerâmica tem uma ampla 
indicação na área de reabilitação com próteses, podendo ser usada para confecção de 
“inlays”, “onlays”, “overlays”, coroas totais e próteses parciais fixas relativamente extensas 
na região anterior e posterior (Carvalho et al., 2012) com alto índice de sucesso (Ortop et 
al., 2009; Groten & Huttig, 2010; Guess et al., 2011). 
As coroas totalmente cerâmicas são confeccionadas, normalmente, em duas 
partes, sendo a infraestrutura de cerâmica de alta resistência e a cerâmica de cobertura de 
porcelana ou vitro-cerâmica. Grande parte das complicações mecânicas relatadas para 
próteses totalmente cerâmicas são as fraturas decorrentes da baixa tenacidade à fratura dos 
materiais cerâmicos quando estes são submetidas a um carregamento cíclico em ambiente 
úmido (Lawn et al., 2001). Comparadas com outros sistemas cerâmicos, infraestruturas de 
zircônia possuem alta tenacidade à fratura e as fraturas observadas em coroas ocorrem 
principalmente na cerâmica de cobertura, cuja tenacidade à fratura é muito baixa, ao redor 
de 1 MPa.m1/2 (Al-amleh et al., 2010; Guess et al., 2011; Rekow et al., 2011).  
Outros fatores podem estar associados aos eventos de fratura da cerâmica de 
cobertura, como as diferenças nas propriedades mecânicas entre infraestrutura e cerâmica 
de cobertura, desenho inadequado da infraestrutura, união deficiente entre infraestrutura e 
cerâmica de cobertura e tensão residual nessa interface resultado da diferença entre as 
condutividades térmicas e entre os coeficientes de expansão térmica das cerâmicas de 
infraestrutura e recobrimento (Swain, 2009; Guess et al., 2011; Rekow et al., 2011). Com o 
objetivo de superar esses problemas e melhorar a performance das próteses com 
infraestrutura de zircônia várias alternativas tem sido propostas, dentre elas o uso de 
cerâmicas de cobertura com melhores propriedades mecânicas (Choi et al., 2012; Guess et 
al., 2013), o planejamento de infraestruturas com desenhos anatômicos (Larsson et al., 




semelhantes e a adoção de protocolos de resfriamento lento (Fischer et al., 2009; Halmann 
et al., 2014). Além disso, tratamentos de superfície tem sido desenvolvidos a fim de 
melhorar a união da camada de infraestrutura com a cerâmica de cobertura, porém a 
melhora observada nos estudos in vitro foi limitada (Kim et al., 2011; Kirmaii et al., 2013). 
Os problemas relacionados ao alto índice de fratura das cerâmicas de cobertura 
e advento de sistemas à base de zircônia com maior translucidez (Zhang et al., 2014; Ebeid 
et al., 2014), assim como, pigmentos para obtenção de uma aparência mais natural (Shah et 
al., 2008) justificam a indicação dessa cerâmica para a construção de peças monolíticas, 
isto é, sem a presença de uma cerâmica de cobertura. Sendo que, ao final do processo de 
confecção dessas peças, faz-se necessário a aplicação de uma camada de glaze 
(“maquiagem”) para potencializar a mimetização dos tecidos dentais.  
Reabilitações protéticas envolvendo coroas monolíticas de zircônia apresentam 
como vantagens a diminuição do número de passos para fabricação, o que reduz o valor 
total do tratamento (Beuer et al., 2012; Rinke & Fischer, 2013), a possibilidade de menor 
desgaste do dente natural durante a realização do preparo dentário (Rinke & Fisher, 2013; 
Sun et al., 2014; Zesewits et al., 2014), menor desgaste no antagonista devido ao atrito da 
mastigação  (Kim et al., 2012; Preis et al., 2013; Sripetchdanond et al., 2014) e maior 
resistência à fratura quando comparada com coroas de zircônia convencionais recobertas 
por porcelanas (Beuer et al., 2012; Johansson et al., 2014; Sun et al., 2014), com coroas 
monolíticas de dissilicato de lítio (Johansson et al., 2014; Sun et al., 2014) e coroas 
metalocerâmicas (Sun et al., 2014). 
No entanto, tem-se verificado que o processo de transformação de fase da 
zircônia, previamente citado como responsável por aumentar a tenacidade à fratura do 
material, também pode ocorrer na presença de umidade e temperaturas relativamente 
baixas, fenômeno conhecido como degradação em baixas temperaturas (DBT), descrito 
primeiramente por Kobayashi e colaboradores em 1981, que de forma progressiva pode 
gerar uma diminuição da resistência desse material (Kim et al., 2009; Siarampi et al., 
2014). Teorias baseadas na interação entre a zircônia estabilizada por ítrio e a água tem sido 




porém ainda não há um consenso na literatura (Lange et al., 1986; Yoshimura et al., 1987; 
Guo, 2004; Chevalier et al., 2009).  
A degradação da Y-TZP em baixas temperaturas tem como características a 
transformação de fase de tetragonal para monoclínica, sendo que esse fenômeno é tempo-
dependente e começa na superfície para então prosseguir para o interior da zircônia por um 
processo conhecido como nucleação e crescimento, com isso há o aumento da rugosidade 
de superfície e aparecimento de micro trincas que são um caminho para penetração de água 
no interior do material (Swab, 1991; Lee & Kim, 1994; Lawson, 1995; Chevalier et al., 
1999; Chevalier et al., 2007; Keuper et al., 2014). A transformação de fase ocorre em 
temperaturas entre 65 e 500°C, sendo mais pronunciada a 250°C (Lawson, 1995), porém há 
evidencias de transformação em temperaturas condizentes com a do corpo humano (Keuper 
et al., 2014). A susceptibilidade à degradação é dependente da microestrutura do material, 
de fatores como tamanho do grão, quantidade, distribuição e tipo do estabilizador além da 
presença de tensão residual (Lawson, 1995; Lughi & Sergo, 2010). Esses fatores são 
interdependentes e influenciados pelos protocolos de sinterização da cerâmica (Halmann et 
al., 2012). O tamanho de grão ideal deve ser menor que 1µm pois, acima desse valor, uma 
transformação espontânea pode ser evidenciada (Heuer et al., 1982), e maior que 0,2µm 
pois, abaixo desse limite, a transformação não é possível, prejudicando o fenômeno de 
tenaficação (Theunissem et al., 1992); além disso, a quantidade de estabilizador deve ser de 
aproximadamente 3 mol% para prover uma fase tetragonal metaestável em temperatura 
ambiente menos susceptível à degradação (DBT) (Theunissem et al., 1992; Cotton & Mayo, 
1996).  
O uso de restaurações cerâmicas monolíticas e o contato da zircônia com o 
meio bucal, além da evidência de transformação de fase sob tensões localizadas 
(Papanagiotou et al., 2006; Wang et al., 2008; Kim et al., 2010; Elgimez et al., 2014; Preis 
et al., 2015) e temperaturas relativamente baixas e umidade (Chevalier et al., 1999; Kim et 
al., 2009; Perdigão et al., 2012; Siarampi et al., 2014; Keuper et al., 2014), que pode afetar 
a resistência à fratura da Y-TZP ao longo do tempo (Kim et al., 2009; Siarampi et al., 
2014) tem levado a um crescente interesse do mundo científico nesse tipo de cerâmica. No 




fabricadas para uso odontológico, quanto a forma, aplicação de pigmentos e camada de 
glaze. 
 Diante do exposto, este estudo avaliou o impacto do meio bucal na carga à fratura e 
transformação de fase de coroas monolíticas de Y-TZP por meio da simulação in vitro do 






CAPÍTULO 1: Fracture load and phase transformation in monolithic zirconia crowns 
submitted to hydrothermal or mechanical treatments. 
 
ABSTRACT 
Statement of the problem: Monolithic zirconia crowns have favorable properties and the 
possibility of overcoming problems such as delamination. However, its resistance can be 
affected by its phase transformation when submitted to low temperatures, humidity and 
stress.  
Purpose: To evaluate fracture load and phase transformation of monolithic zirconia crowns 
submitted to different thermal and mechanical aging test. 
Materials and Methods: 70 monolithic zirconia crowns were randomly divided into 5 
groups: Control (C), no treatment; Hydrotermal aging (HA), at 122°C, 2 bar for 1 hour; 
Thermal fatigue (TF), 104 cycles between 5 to 55°C, dwell time 30 seconds; Mechanical 
fatigue (MF), 106 cycles with a load of 70 N, sliding of 1.5 mm at 1.4 Hz; combination of 
mechanical and thermal fatigue (TMF). The fracture load was obtained using the universal 
testing machine. Surface changes and fracture mode and origin were examined in a 
scanning electron microscope. Monoclinic phase content was evaluated by X-ray 
diffraction. One-way ANOVA at a level of 5% compared the fracture load. The Weibull 
distribution was performed. 
Results: There was no statistically significant difference in the mean fracture load and 
characteristic fracture load among the groups (p>.05). The Weibull modulus ranged from 
6.2 to 16.6. Catastrophic failures were observed. Phase transformation was shown at the 
different surfaces of the crown in all groups (3.8-8.9%).  
Conclusion: Monolithic zirconia crowns showed high fracture load, structural reliability 
and a low phase transformation was verified. 
 
CLINICAL IMPLICATIONS 
The advances in zirconia, which promote favorable aesthetical and mechanical 
properties, allow its indication as full contour restoration. These results can further indicate 




reliability and low sensitivity to aging. 
 
INTRODUCTION   
In the early 1990s, yttria-stabilized polycrystalline tetragonal zirconia (Y-TZP) 
was introduced to dentistry and, since then, there has been a growing interest in restorative 
dentistry due to its superior mechanical properties compared to other ceramic systems1,2. 
This characteristic is resulting from a phenomenon known as transformation toughening, in 
which phase transformation produces compressive stresses that effectively oppose the 
opening of cracks and hinders further crack propagation2,3,4,5. This characteristic provides a 
wide range of applications such as dental prostheses and abutments6,7 with high clinical 
success8,9.  
Conventionally, crowns are fabricated in two parts: framework and veneering 
ceramic. Y-TZP prostheses are veneered to improve the aesthetical results but the most 
common complication related to zirconia crowns is chipping and delamination of the 
porcelain8,10,11. A recent way to overcome this problem is its use as monolithic, full contour 
restorations. This was feasible due the emergence of modified translucent zirconia 
materials12,13 and the possibility of zirconia to be colored in a presintered state and can be 
either glazed or polished to achieve a natural appearance14. In addition, the use of 
monolithic ceramic crowns for rehabilitation has advantages such as economic aspects 
achieved by the decreased manufacturing steps15,16, reduced tooth preparation to be 
restored16,17,18, low antagonist abrasion19,20, superior fracture resistance compared to other 
ceramics types15,17,21. 
Nevertheless, when monolithic crowns are used for prosthetic rehabilitation, 
zirconia surface is directly exposed to hydrothermal oral conditions in which zirconia can 
be submitted to phase transformation22. This phenomenon is called low temperature 
degradation (LTD) and occurs through the reduction of the energy barrier for tetragonal to 
monoclinic transformation by incorporating water constituents into the zirconia lattice by a 
mechanism not completely understood23,24,25. LTD is defined by phase transformation in 
the presence of humidity at low temperatures, 65-500°C with a maximum rate at 250°C26 




phenomenon is time-dependent and proceeds gradually from the surface into the bulk of the 
ceramic by a nucleation-and-growth process characterized by surface roughening, micro 
and macrocraks that offer a pathway for water to penetrate into the bulk of the 
material26,27,28,29,30. The progression of LTD, therefore, can affect the Y-TZP mechanical 
properties31,32.  
Due to the increasing use of zirconia as a monolithic restoration and the 
evidence that the phase transformation may be triggered by stress concentration sites or 
hydrothermal conditions30,31,32,33,34,35,36,37,38 which can lead to a decrease in the mechanical 
properties of zirconia31,32, this study evaluated the fracture load and phase transformation of 
monolithic zirconia crowns submitted to different hydrothermal and mechanical aging 
simulating clinical situation. 
 
MATERIALS AND METHODS 
Sample preparation 
A three-dimensional (3D) computer aided design (CAD) model of a left 
maxillary first molar human tooth was generated. To simulate the preparation for 
conventional all-ceramic prostheses, the tooth was anatomically modeled by reducing 
1.5mm at proximal walls and 2.0mm at the occlusal surface with a convergence angle of 10 
degrees between the mesial and distal as well as buccal and palatal walls and a marginal 
chamfer preparation of 1.0mm39. 
A new commercially available highly translucent yttria-stabilized zirconia, 
Ceramill Zolid (Ceramill Zolid; Amann Girrbach), with grain size less than or equal to 
0.6µm was used. 
Based on the three-dimensional model previously created, the monolithic 
zirconia crown was designed and milled with the CAD/CAM system Ceramill motion 2 
(Ceramill motion 2; Amann Girrbach) from white presintered blocks (n=70).  After the 
milling procedure, the crowns were stained with colouring liquids (Ceramill liquids; 
Amann Girrbach) following the manufacture’s guidelines. Then, the samples were sintered 
at 1450°C for 2 hours and, afterwards, glazed according to manufacturer’s instructions 




A model of the CAD prepared tooth was machined in an acrylic resin block 
(VIPI blocks; VIPI). Seventy prepared tooth replicas were fabricated from 
polyvinylsiloxane impressions (Futura; Nova DFL) of the plastic model. The impressions 
were filled with layers of resin-based composite (Z250; 3M/ESPE)40 and light cured 
according to the manufacturer’s recommendation. Then, each replica was embedded in 
acrylic resin (Dencôr; Clássico) into a 15mm-diameter polyvinyl chloride tube (PVC) 
leaving 1mm from the buccal margin preparation exposed. So, they were stored in 
deionized water at 37°C for 30 days41 to ensure complete hydration of the samples and 
eliminate any dimensional expansion effect due to water absorption. After that, the crowns 
were cemented with dual-curing resin-based dental luting material (Panavia; Kuraray) 
following the manufacturer's instructions and kept under a load of 10N for 10 minutes. 
After cementation, the specimens were stored in deionized water for 7 days to provide 
suitable aqueous equilibrium prior testing42. 
Aging 
The crowns were randomly divided into 5 groups (n=14) that received the 
following aging treatments that would correspond to a lifetime of approximately 1 year in 
vivo30,43,44:  
A) Control (C): no aging treatment. 
B) Hydrothermal aging (HA): aging was carried out in a temperature and pressure 
controller, reactor Parr 4843 (Parr 4843; Parr) at 122°C (±1°C) under 2 bar of pressure for 1 
hour30. 
C) Thermal fatigue (TF): 104 thermal cycles43 between 5 to 55°C, dwell time 30 seconds, 
in distilled water were performed.  
D) Mechanical fatigue (MF): the samples were mounted in a PVC matrix filled with 
acrylic resin (Dencôr; Clássico) in a chewing simulator CS-4.8 (CS-4.8; SD Mechatronik). 
106 mechanical cycles44 with a load of 70 N45 were performed by sliding a stainless steel 
antagonist (5.6mm diameter) 1.5mm buccally down the mesiopalatal cusp at 1.4Hz. The 
crowns were immersed in distilled water at 37°C during the fatigue test. All specimens 
were evaluated for the presence of damage and cracks at the end of cycling. !




mechanical and thermal fatigue, respectively, and it was adopted the same protocols above 
described. 
Fracture load 
At the end of each treatment, 12 crowns were loaded until failure using a 
universal testing machine Kratos KE (Kratos KE; Kratos Equipments) equipped with a load 
of 10KN at a crosshead-speed of 1mm/min. The force was transferred to the central fossa of 
the occlusal surface via a stainless steel ball (5.6mm-diameter). The crowns were immersed 
in distilled water at 37°C during the test. Load at fracture (N) was registered and a fracture 
was defined as visible fracture or as occurrence of acoustic event and load drop.  
Phase transformation 
The relative amount of monoclinic phase after the aging procedures was 
determined by X-ray diffraction (XRD) in palatal and buccal surfaces and mesiobuccal and 
mesiopalatal cusps of 2 samples from each group (Figure 1). XRD profiles were obtained 
using the XRD2 beamline, at Brazilian Synchrotron Light Laboratory (LNLS) (Campinas, 
Brazil) and a Cyberstar detector (Cyberstar detector; FMB Oxford). The energy used was 8 
keV. Scans were performed in the 2θ ranging from 20-70 degrees with a step size of 0.05 
degree. The monoclinic peak intensity ratio (Xm) was calculated using the following 
equation46: Xm = I!(!!!!) + I!(!!!) I!(!!!!) + I! !!! + I!(!"!) . Where, It and Im 
represents the integrated intensity area under the peaks of the tetragonal (101), monoclinic 
(-111) and monoclinic (111) peaks around 30 degrees, 28 degrees and 31.2 degrees, 
respectively.  With data obtained from the above equation it was possible to calculate the 






Figure 1. Points selected to perform the X ray diffraction analysis: A; 1-mesiopalatal 
cusp; 2-buccal surface; B; 3-mesiobuccal cusp; 4- palatal surface. 
 
Scanning electron microscopy (SEM) 
To evaluate the surface modifications, two crowns from each group were 
sputter coated with gold/palladium alloy (Bal-Tec 020; Leica Microsystems) for SEM 
analysis (Jeol JSM-6360LV; Jeol). Upon fracture, specimens were examined with light-
polarized stereomicroscope (Olympus SZ61; Olympus) and the representative specimens 
were evaluated by SEM to identify the initial crack and to characterize the fracture mode.  
Statistical Analysis 
Normal distribution of data was checked by Shapiro-Wilk test. Mean fracture 
load of the groups were analyzed by one-way ANOVA. The statistical calculations were 
performed using the SAS system (SAS system; SAS Institute Inc.) and it was adopted the 
level of significance of 5% (α=.05). The reliability of the material was assessed through the 
Weibull distribution (Weibull++; ReliaSoft). The analysis was performed to determine the 
Weibull modulus and the characteristic fracture load in each group. The Weibull modulus 
(m) determines the slope of the distribution function and characterizes the spread of the 
data with respect to fracture load. Characteristic fracture load (P0) defines the stress level at 
which 63.21% of the specimens fail48,49. The parameters of de Weibull distribution were 
estimated by Maximum Likelihood and their 95% Confidence Interval (CI) were computed 
and differences in the parameters among groups were considered to be significant when the 






All restorations survived the artificial aging tests. Although there has been a 
decrease in the mean fracture load of the aged groups in comparison to the control, no 
statistical significant difference was observed for any of the pairwise comparisons 
(df=num/den-4/54;F=.80;p=.53). The same behavior was seen for characteristic fracture 
load (P0) (Figure 2 and Table 1).   
The Weibull modulus (m) ranged from 6.2 to 16.6 (Table 1). The m values of 
the aged groups decreased compared to the control with statistically significant difference 
only between hydrothermal aging and control groups (Figure 2 and Table 1).  
 
Table 1. Fracture load and Weibull distribution parameters of groups, characteristic 
fracture load (P0) and Weibull modulus (m) (Confidence interval limits of 95%). 
Group Mean Fracture Load (N) 
Weibull parameters 
Characteristic failure 
load (P0) (N) 
Weibull 
modulus (m) 
Control 5722.3 (5934.6-5510.0)a 5884.0 (5652.8-6109.7)a 16.6 (10.4-24.0)a 
Hydrotermal 
aging 5450.0 (6149.2-4750.8)
a 5867.8 (5342.6-6467.5)a 6.2 (3.9-9.9)b 
Thermal 5618.5 (5949.3-5287.8)a 5858.8 (5532.5-6204.5)a 10.5 (7.0-15.6)a,b 
Mechanical 5538.4 (5997.4-5079.3)a 5718.5 (5304.6-6164.7)a 7.9 (5.0-12.5)a,b 
Mechanical + 
thermal 5256.5 (5602.1-4911.0)
a 5455.1 (5239.1-5679.9)a 14.6 (9.3-22.7)a,b 






Figure 2. Curves representing Weibull probability for fracture of each group 
(Confidence interval of 95%). 
 
It was verified an initial presence of monoclinic phase content regardless of the 
surfaces of the crown in all groups. Moreover, a slight rise in monoclinic phase was 
evidenced in the mesiopalatal cusp of groups with mechanical aging (MF and MTF) 






Figure 3. Diffractogram of crowns according to tooth surface and aging treatment. 
Crown surfaces: A, buccal; B, palatal; C, mesiobuccal cusp; D, mesiopalatal cusp. 
Aging treatment: --, control; --, hydrothermal aging; --, thermal; --, mechanical; --, 






Figure 4. Relative amount of monoclinic phase detected by x-ray diffraction in each 
aging group in different crown surfaces. 
!
SEM micrographs of representative surface views showed a degradation of 
glaze layer in mechanical groups (MF and MTF) with exposure of zirconia, as well as some 
areas with holes and grooves in glaze layer (Figure 5). The failure modes were similar for 
all experimental groups, with the crack origin located at the contact point of the indenter 
with the central fossa and the main crack propagating from the occlusal surface towards the 
cementation surfaces of the crown (Figure 6).  
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Figure 5. Column A shows the superficial views of zirconia monolithic crowns after 
aging treatments: C, control; HA, hydrothermal aging; TF, thermal; MF, mechanical 
and MTF, mechanical and thermal fatigue. Column B presents views of mesiopalatal 
cusp of different groups, where MF and MTF exhibit loss of glaze layer and zirconia 
exposure due to mechanical stress. Column C evidences in a closer view the integrity 
of glaze layer in C and HA, in TF group there is a hole and in MF and MTF groups it 






Figure 6. Fractographic analysis. All groups showed catastrophic failures and the 
crack origin (circle and arrow) located at the surface in contact with the indenter. C, 
control; HA, hydrothermal aging; TF, thermal; MF, mechanical; MTF, mechanical 





This study evaluated fracture load and phase transformation of monolithic 
zirconia crowns submitted to different thermal and mechanical aging test on specimens 
manufactured as actual dental prosthetic crowns to mimic a clinical situation.  
All crowns tested resisted to artificial aging methods used, and there was no 
statistically significant difference among the mean fracture load values and characteristic 
fracture load of all experimental groups. The absence of significant differences among the 
aging methods could be explained by some parameters used in the different aging methods, 
such as the total duration of chewing simulation (106 cycles)44, thermal aging (104 cycles)43, 
and hydrothermal method (122°C, 2 bar, 1 hour)30. Also, the load used during mechanical 
cycling (70N)45 may not have been sufficient to generate a stress level to significantly 
degrade the Y-TZP material. It is important to also consider that Y-TZP has an important 
phase transformation toughening mechanism that hinders slow crack propagation2,3,4,5,32. 
The values found in this study far exceeded the load level found in clinical use, since the 
maximum bite force in the posterior region can be as high as 900 N50. 
There are few studies evaluating the fracture load of monolithic zirconia crowns 
and these previous results are considerably different from those found in the current 
experiment. One of the previously published works reports fracture load values as high as 
10000.0N15, while other works obtained lower values varying from 2795.0 to 3038.0N21 
and around 3068.3N17. A recently published research showed a load bearing capacity of 
5620.0N for monolithic zirconia crowns that is closer to those found in the present study18. 
The high variability of fracture loads values, even being the same material, can be 
associated to the study conditions since the fracture load is dependent on some variables 
such as type, direction and location of the load on the crown as well as the tooth model 
material, thickness of preparation51, presence of wet environment during the test21 and 
previous aging treatment of the specimens15,21. Also, the absence of standardization in 
manufacture procedures can be a factor that affects the fracture load. 
The Weibull modulus (m), a shape parameter of the Weibull distribution, is used to 
describe the variation of the strength or asymmetrical strength distribution as a result of 




correspond to a more homogeneous flaw distribution, less scatter of the data and therefore 
greater structural reliability. Conversely, the opposite is expected from lower values of 
Weibull modulus48,49. This study showed Weibull modulus ranging from 6.2 to 16.6, which 
is consistent with the values found in most ceramic materials52. The control group showed 
higher Weibull modulus compared to the other groups, but statistically significant 
difference was observed only for hydrothermal aging group. Although no surface phase 
transformation was detected in the X-ray diffraction analysis for specimens submitted to 
hydrothermal aging, further structural analyses like micro-Raman and X-ray photoelectron 
spectroscopy (XPS) are needed to investigate whether the occurrence of non-homogeneous 
phase transformation at the crown surface and also in depth may be responsible for the 
significant drop in the reliability level of the this experimental group.  
Regarding the fracture modes, all specimens showed catastrophic failures with 
the crack origin located at the occlusal surface right at the loading point between the 
indenter and the central fossa. From this point, the crack propagated towards the intaglio 
surface of the crown. This type of fracture mode is usually observed in the fracture surfaces 
of monolithic crowns in laboratorial studies that used methodologies similar to the one used 
in this investigation17,21,53. Catastrophic failures of monolithic Y-TZP crowns occur at 
much higher stress levels compared to those needed to fracture the veneering porcelain 
layer applied over Y-TZP copings; therefore, the fracture mode seen in the present 
investigation indicate an important mechanical advantage for the full-contour crowns17. 
Indeed, in vitro works that determined the fracture strength of zirconia crowns veneered 
with porcelain reported mean fracture loads varying from 1,480 to 2,500N17,21. These 
values are considerably lower than the fracture load found in the current investigation for 
monolithic zirconia crowns (around 5,200N).  
With respect to phase transformation, initial monoclinic phase content was 
noted in all groups, including control, regardless of tooth surface (Vm=1.9-8.9%). It can be 
related to manufacturing procedures such as application of the glaze layer. In fact, it has 
been shown that the application of wet porcelain slurry to Y-TZP surfaces with subsequent 
firing, results in a localized tetragonal to monoclinic transformation in the core/veneer 




Thermal fatigue (TF) (Vm= 0-4.5%) and hydrothermal aging (HA) (Vm=0-
4.5%) showed similar monoclinic volume content compared to control in all surfaces 
(Vm=0-5%), what can be attributed to the glaze layer protection that hinders the 
degradation or to the insufficient aging. Previous studies revealed an initial phase 
transformation (Vm=2.4-6.4%) after 3x104 thermal cycles35 and no monoclinic phase after 
2 hours of hydrothermal aging at the same conditions of the current study with flat, non 
glazed specimens33 which can confirm the hypothesis of the protection offered by the glaze 
layer or insufficient aging.  
Mechanical (MF) and mechanical and thermal (MTF) fatigue groups, especially 
in the mesiopalatal cusp, showed a slight increase in the monoclinic volume content 
(Vm=8.3-8.9%) compared to the same surface of the other groups (Vm=0-4%). This 
increase in monoclinic volume content is most likely related to the attrition and mechanical 
stresses generated by the contact with the indenter since the present investigation showed in 
the superficial MEV micrographs that the glaze layer disappeared after chewing simulation. 
A previous study36, that investigated the phase transformation caused by mechanical 
stresses in zirconia blocks, revealed higher monoclinic volume content (Vm=13%) in 
comparison to the current experiment. This difference is also probably related to the distinct 
conditions of the two studies, such as load level, number of cycles and presence of the glaze 
layer.  
Moreover, it is remarkable to follow all clinical sequence in order to have a 
well-adapted crown without the need for adjustments and early removal of the glaze layer, 
which despite can be related to the initial phase transformation acts as protection against 
aging that cause a progressive phase transformation and can affect the mechanical 
properties of zirconia31,32.  
The values obtained by X-ray diffraction need to be analyzed with caution 
because although this technique is considered the first step for investigating the aging 
sensitivity of zirconia, no precise information can be obtained during the first stages of the 
transformation (Vm values smaller than 5%), and a variability of the results may appear 
when analysis of different locations on the same specimens are conducted54. The x-ray only 




therefore, the presence of a glaze layer may have affected the precision of the test.  
Considering our results further laboratory studies must be carried out to investigate 
the mechanical behavior of monolithic zirconia crowns. The investigation should introduce 
cyclic fatigue methodologies that will determine the lifetime of the crown until they 
fracture. Also, this method would be associated with longer aging treatments, which can 
become possible to trace the phase transformation and make associations with the decrease 
in the material strength. 
 
CONCLUSION 
Within the limitations of this in vitro study, it can be concluded that monolithic 
zirconia crowns exhibit a high fracture load, high structural reliability and it was verified a 
low phase transformation. 
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Figura 1. Coroas prontas e cimentadas para realização dos testes.!
 
!
Figura 2. A, Simulador de mastigação CS-4.8. B, Posicionamento das coroas no 
simulador de mastigação com papel carbono (Articulating paper; Bausch). C, Vista 
aproximada da coroa com o edentador posicionado na cúspide mesiopalatina e a seta 






Figura 3. Controlador de pressão de temperature, reator Parr 4843. 
 
 
Figura 4. A, Termocicladora (Nova Ética). B, Coroas na cesta da termocicladora. 
!
 
Figura 5. A and B, Máquina de ensaio universal Kratos KE e assessórios torneados 
para posicionamento das coroas e execução do teste.!
